General strategies are described to obtain crystals of low-molecular-weight compounds suitable for X-ray structure determination. A survey is given of a variety of crystallization techniques together with their advantages and drawbacks, illustrated by experiences with notoriously crystallization-resisting compounds. The methods discussed range from preliminary investigations using evaporation, batch crystallization and liquid-liquid diffusion methods, via the most frequently used methods such as sitting-drop vaporphase diffusion and change of temperature, to methods such as gel crystallization, sublimation and solidification. The most successful method appears to be the sitting-drop vapor-phase diffusion. Complete crystallization routes are described, taking into account the results of preliminary investigations. The hard-to-crystallize vecuronium bromide is presented as a case study.
I. Introduction
Compared with the major improvements of the last decade in almost all structure-determination steps of X-ray crystallography, crystallization lags behind. As a consequence it is not uncommon that structure determinations are unsuccessful or excluded because of unsuitable crystals. Confronted with these problems in our current research we attempted to improve this situation, limiting ourselves to compounds of 'small' organic molecules, i.e. molecules containing less than 200 non-hydrogen atoms. Furthermore, the compounds considered are solid at room temperature. More specifically, given a number of crystallization methods, we wanted, by modification and combination of these, to obtain satisfactory procedures for individual compounds.
General methods and chemicals
As most crystallization methods are based on growth from solution (qualitative) solubilities in a few solvents must be known. Valuable and sufficient information can generally be obtained from reports on synthesis and isolation routes, or on structure determinations of related compounds. If only small amounts of material are available the solubility can be determined with a few micrograms of the compound in a few microlitres of solvent on an almostcovered depression slide under the microscope. In several cases crystallization methods and solvents were transferable to related compounds. However, the opposite is also found: salts of malic acid crystallize readily while the free acid is difficult to crystallize (Groth, 1910; van Loock, van Havere & Lenstra, 1981) .
Empirically it was found that the solubility in a usable solvent should be somewhere between 5 and 200 mgml -~. If the solubility is lower, the flux of solute is low and nucleation instead of growth is likely to occur even in the presence of crystals; the size of crystals, if formed, will be minute. If the solubility is high the viscosity of the solution is too high, causing too low a diffusion rate. In that case growth and nucleation rates are too low and a glassy product is obtained. A solvent in which the compound is sparingly soluble and which is used on account of that property will here be called a precipitant. The solubility of the compound in a precipitant used in a twosolvent crystallization method such as vapor diffusion should be as low as possible (~1 mg m1-1) and the precipitant should be miscible with the solvent and the saturated solution. The purity of the selected solvents and precipitants should be as high as possible to avoid contamination of the compound.
In some cases it appeared impossible to use a method in which the solvent/precipitant ratio changes during crystallization, e.g. in the vapor diffusion method. This is illustrated by the crystallization of a cavitand from dimethyl sulfoxide by diffusion of water vapor into the solution (Smeets, Sijbesma, Niele, Spek, Smeets & Nolte, 1987) . At first crystals appeared (the compound is insoluble in water), but later on these crystals fell apart. It appeared that the dimethyl sulfoxide included in the crystal is replaced by water, the concentration of which increases during crystallization.
When excessive nucleation occurs, it can be reduced by the application of a silicone coating to all equipment in contact with the saturated solution and by removing dust from the crystallizing medium. Commercially available silicone solutions and 0.22 p~m filters with low hold-up volumes (less than 0021-8898/89/040340-05503.00 © 1989 International Union of Crystallography 10 pA) appeared to be satisfactory. Gel crystallization, if applicable, is an alternative.
In some cases the use of seeds improves crystal size considerably. To that end small crystals (seeds) are added to a nearly saturated solution. However, sometimes a complication appears: the seeds fail to grow and nucleation occurs instead. This is not uncommon if the seeds are removed from the mother liquor (and dried) before reusing them. When growth has temporarily slowed down, further growth was found to be inhibited, possibly due to a strongly adsorbed layer. This should be avoided. Partial dissolution of the seeds in the nearly saturated solution was not always effective in overcoming this problem. We refer to this as the problem of inactive seeds.
If large amounts of compound are available and the crystals that can be grown are just not large enough, scaling up the crystallization experiment sometimes helped. This is because more material is then available once nucleation is over and growth has started. Furthermore, if possible, the crystallization volume should be equi-dimensional. This ensures that the supersaturation is the same throughout the solution, because the maximal diffusion path to a crystal is shortened. Therefore growth is favored over further nucleation.
The harvesting and recognition procedures for good crystals are nicely described by Jones (1981) . In that article suggestions are also made for simple synthetic modifications (such as changing an anion) to improve crystal quality and consequently the structure determination.
Crystallization routes
In Table 1 an overview is given of all crystallization methods we currently use to produce crystals for single-crystal X-ray diffraction. The use, advantages and disadvantages of each method are briefly discussed.
As mentioned in the previous section the use of seeds may considerably improve crystal size and quality. It is found that procedures resembling socalled repeated seeding (Thaller, Weaver, Eichele, Wilson, Karlsson & Jansonius, 1981) or pulsed diffusion (Koeppe, Stroud, Pena & Santi, 1975) techniques reduce the problem of inactive seeds considerably. They were very effectively applied to lowmolecular-weight compounds (van Geerestein, Kanters, van der Sluis & Kroon, 1986) . These procedures are readily implemented in crystallization by evaporation from a binary mixture (replenishing volatile solvent), in crystallization by the batch-and liquid-liquid diffusion method (applying a temperature change), in crystallization by sitting-drop vapor diffusion (changing the composition of the reference solution to the original composition of the solution with the compound) and in crystallization by changing the temperature (using temperature oscillations).
The following stages in the crystallization of a compound can be discerned. First the crystallization medium is selected. If possible, and preferably if it is indicated by successful crystallizations of related compounds, crystallization by means of sublimation or solidification should be tried. Normally, however, solution growth is performed. This requires an estimate of the solubility in different solvents. If large amounts of the compound are available, and a solution is the result of solubility tests this can directly be used for an evaporation experiment. If, at this stage, tiny crystals already form, this gives an indication as to which solvents can be used for the crystallization experiments later on. If the solubility in pure solvents falls outside the usable range (which is not uncommon), mixtures of solvents are tested. If large amounts of compound are available the batch crystallization test is used to this end. In this way also preliminary indications about potential solvent combinations are obtained.
As far as the crystallization method is concerned sitting-drop vapor diffusion is to be preferred, using the experimental set up described by Jones (1981) . The use of mixtures of solvents and precipitants gives the possibility to control crystallization rate and final solution composition accurately (Kroon-Batenburg, van der Sluis & Kanters). Simple changes in the geometry of the set up give an additional possibility to control the crystallization rate. Moreover, for water-based solvent/precipitant systems the use of salts and pH changes offers a way to control solubility (McPherson, 1982) . By changing the pH from 10.3 to 8.0 we were able to crystallize the insoluble mesoa, a'-diaminosuccinic acid (Nijs, Kanters, Kroon & van der Sluis, 1988) . If problems occur, repeated seeding, pulsed diffusion and different solvent/precipitant combinations may be tried. If still no suitable crystals are obtained other crystallization methods should be tried. Crystallization by change of temperature is advised if improvements are expected from an accurately controlled supersaturation. Gel crystallization is recommended if the compound is sparingly soluble or nucleates easily.
The crystallization of 1- [(2fl,3a,5a,16fl,17fl )-3,17-bis(acetyloxy) -2 -( 1 -piperidinyl)androstan-16-yl ]-1-methylpiperidinium bromide (the curare-like vecuronium bromide), which is very difficult to crystallize (Savage, 1984 ) is reported. Over 1 g of the compound was kindly put at our disposal by the Scientific Development Group of Organon, Oss, The Netherlands. We must admit that this amount gave us full latitude to perform this rather extensive work.
First the solubility in water, ethanol, n-propanol, acetone and pyridine was tested, by dissolving each time 1 mg of the compound in 100 ~1 solvent in a very small test tube. This was left to evaporate. Since Liquid-liquid diffusion (McPherson, 1982) Sitting-drop vapor-phase diffusion (McPherson, 1982; Jones, 1981) Hanging-drop vapor-phase diffusion (McPherson, 1982) Temperature change
Gel crystallization (Henisch, 1970; Arora, 1981; Arend & Connelly, 1982) Sublimation Solidification (Veith & Frank, 1988) (Klop, Duisenberg & Spek, 1983) ; [4] calcium hydrogen triacetate monohydrate ; [5] 1 l/3-[4-(dimethylamino)phenyl]-17/3-hydroxy-17a-(l-propynyi)estra-4,9-dien-3-one (van Geerestein, Kanters, van der Sluis & Kroon, 1986) ; [6] 13-ethyl-17fl-hydroxy-ll-methylene-18,19-dinor-17a-pregna-4,15-dien-20-yn-3-one (ll-methylgestodene) (Klop, Schouten, van der Sluis & Spek, 1984) ; [12] calcium meso-tartrate trihydrate (de Vries & Kroon, 1984) . the compound is a salt the more polar solvents were chosen to start with. The solubility in all these solvents appeared to be very high and evaporation yielded only glassy products. Therefore several less-polar solvents were tested next (diethyi ether, ethyl acetate, methyl cyclohexane and methylene dichloride). The solubility in diethyl ether and ethyl acetate was found to be so low that no visible amount dissolved. The solubility in the other solvents was found to be too high and again a glassy product was obtained upon evaporation. Crystallization by evaporation from diethyl ether/ethanol and diethyl ether/n-propanol mixtures failed as the diethyl ether evaporated faster than the alcohols, and therefore the solubility increased and a glassy product was again obtained.
As the results were very poor up till then, different precipitants were tested. Water solutions with various amounts of disodium hydrogen citrate and ammonium sulfate were tried and sitting-drop vapor diffusion was chosen as the crystallization method. With both salts and all concentrations tried, only oil-like precipitates were obtained or no precipitate at all. Because up till then no crystals were obtained the batch crystallization method was tried. This method gives a fast indication of the usefulness of a given solvent/precipitant combination. The solvent n-propanol was selected (low volatility, mixable with both precipitants) and for precipitants diethyl ether and ethyl acetate were taken. The ethyl-acetatecontaining experiments yielded in some cases thin acicular crystals. Therefore the precipitant was changed to butyl acetate (less volatile than ethyl acetate) and the method to the sitting-drop vapordiffusion method (lower controllable supersaturation). By optimizing this crystallization method, using carefully adjusted concentrations and pulsed diffusion (Kroon-Batenburg, van der Sluis & Kanters, 1984) , needles with a diameter of 601sm were obtained. In an X-ray experiment these crystals diffracted only at low 0 values (oscillation photograph, 25 ° Cu Ka). With this combination of solvents crystallization by changing the temperature was tried because the temperature and therefore the supersaturation can accurately be controlled. However, the solubility was found to be only slightly and moreover retrogradely dependent on the temperature. This makes the method hard to carry out. We therefore tried to optimize the solvent/precipitant system of the vapor diffusion method. Via n-propanol/methylcyclohexane and dimethyl sulfoxide/butyl acetate we finally ended up with methylene dichloride/butyl acetate. Now, needles with a diameter up to 100 ~m were obtained. Diffraction up to 0 = 35 ° (oscillation photograph, Cu Ka) resulted. To increase the thickness of the crystals methylene dichloride was replaced by a 1:1 mixture of methylene dichloride with N-methylformamide or N-methylacetamide as these solvents might help to hamper the formation of hydrogen bonds in the needle direction which was assumed to cause the acicular shape. With N-methylacetamide, crystals up to 0.6 x 0.2 x 0.2 mm were obtained. These crystals appeared to be of sufficient quality for a successful X-ray structure determination (a--6.424, b = 25.474, c =48-01 ~, space group P212~2~). The above is a report of the work as it was carried out. In retrospect it is clear that some steps were in fact not promising, like the evaporation from the diethyl ether/alcohol mixtures.
In conclusion, we think that changing the crystallization conditions and methods in an evolutionary way, as described above, is the best way to tackle problematic cases. In general preliminary batch-wise crystallization experiments give sufficient information for the appropriate crystallization conditions. The sittingdrop vapor-diffusion method appears to be the most successful way to refine these conditions and to procure suitable crystals.
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